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Balloon inflation performed during percutaneous trans-
luminal coronary angioplasty causes transient total oc-
clusion of the coronary artery and thus provides a model 
for evaluation of the regional myocardial responses to 
transient ischemia. Twenty patients with normal left 
ventricular function undergoing angioplasty of isolated 
stenosis of the proximal left anterior descending coro-
nary artery were studied. In group A (14 patients) anal-
ysis of one inflation-deflation sequence per patient was 
performed. Group B (six patients) had multiple (>5) 
inflations; the first and last sequences were analyzed. 
Assessment included continuous two-dimensional echo-
cardiography with computerized quantitative analysis of 
regional left ventricular wall motion, and continuous 12 
lead electrocardiographic recordings. 
The mean duration of inflation in group A was 62 ± 
6 seconds (mean ± SD). The onset of regional left ven-
tricular dysfunction was 12 ± 5 seconds after inflation. 
Profound dysfunction was noted in all patients. After 60 
seconds of balloon occlusion of the coronary artery, 29 % 
of patients had severe hypokinesia of the ischemic region 
In the experimental animal, brief periods of acute myo-
cardial ischemia can result in significant deterioration in 
myocardial performance 0-4). The reversibility of the func-
tional changes observed in ischemic myocardium is depen-
dent on the duration of the coronary artery occlusion. Myo-
cardial systolic function recovers promptly and completely 
after reperfusion following transient (less than 2 minutes) 
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and 71 % had akinesia or dyskinesia. With deflation there 
was prompt recovery of regional function, with full re-
covery at 43 ± 17 seconds. Comparison of data from 
first and last inflations in group B revealed no significant 
differences in time to onset of dysfunction, magnitude 
of dysfunction or time to complete recovery of function. 
The onset of ischemic electrocardiographic changes lagged 
behind the onset of wall motion abnormalities, with only 
64% of patients showing evidence of ischemia on 12 lead 
electrocardiograms at 20 seconds of inflation. After 60 
seconds, 86% had ischemia detectable by electrocar-
diography. 
Thus, balloon inflation during coronary angioplasty 
leads to profound but reversible regional left ventricular 
dysfunction. Repeated occlusions of the coronary artery 
during angioplasty do not have a cumulative ischemic 
effect. It may be hazardous to apply these findings to 
patients who have underlying major left ventricular dys-
function and in whom the reversibility of dysfunction 
and lack of cumulative ischemic effect may not be assured. 
(J Am Coil CardioI1986;7:1245-54) 
periods of regional ischemia, and an overshoot in function 
above preocclusion levels often occurs (4-6). With an oc-
clusion duration of 5 minutes or longer. regional myocardial 
function may not return to preischemic levels until 6 hours 
after reperfusion (3). This prolonged regional myocardial 
dysfunction after brief periods of ischemia has been termed 
"stunned myocardium" (7). Repeated 5 minute episodes 
of ischemia also may have a cumulative effect and result in 
areas of myocardial necrosis (8). 
These responses to brief episodes of experimental isch-
emia may have relevance to the understanding of the path-
ophysiology of ischemic heart disease in humans. However. 
species differences in coronary anatomy and collateral flow 
patterns, as well as difficulties inherent in comparisons be-
tween acute occlusion of a normal vessel and occlusion of 
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a chronically obstructed artery, make it somewhat inappro-
priate to extrapolate directly from animal models to humans. 
Percutaneous transluminal coronary angioplasty is now an 
accepted therapeutic modality for treatment of coronary ar-
tery disease in humans. Balloon inflation performed during 
coronary angioplasty causes total coronary artery occlusion 
and thus provides a model of transient myocardial ischemia 
and reperfusion in the conscious human. 
Monitoring of electrocardiographic limb leads and iso-
lated chest leads is generally employed to detect ischemia 
during angioplasty procedures (9). Although ST segment 
displacement on the electrocardiogram is an established in-
dicator of myocardial ischemia, experimental data (0) and 
clinical studies (11) have suggested that regional contractile 
abnormalities are more sensitive than ST segment changes 
for the early detection of myocardial ischemia. 
With these considerations in mind, the specific objectives 
of this study were: 1) To characterize and quantitate the 
regional myocardial response to balloon inflation-induced 
transient ischemia and reperfusion during coronary angio-
plasty. 2) To determine whether there is a cumulative effect 
of repeated periods of ischemia in patients having multiple 
balloon inflations during angioplasty. 3) To assess the re-
lation between mechanical changes induced by ischemia and 
classic electrocardiographic markers of ischemia. 
Methods 
Study patients. We prospectively studied 25 patients 
undergoing coronary angioplasty for treatment of angina 
pectoris. The following inclusion criteria were used: 1) iso-
lated obstructive lesion (2':70% diameter reduction) of the 
left anterior descending coronary artery, proximal to the 
first septal branch, 2) normal baseline regional and global 
left ventricular systolic function, 3) no angiographically vis-
ible collateral vessels, and 4) no conduction disturbances 
or ST segment abnormalities on the electrocardiogram that 
would preclude electrocardiographic assessment of isch-
emia. Three patients were excluded from the study because 
of suboptimal echocardiographic visualization, and two ad-
ditional patients were excluded because of failure to cross 
the stenosis with the dilation catheter. 
The remaining 20 study patients were divided into two 
groups. Group A consisted of 14 patients who met the 
preceding inclusion criteria. Group B consisted of six other 
patients who met all the inclusion criteria, but who also had 
multiple (>5) balloon inflations during the angioplasty pro-
cedure. Group A included nine men and five women with 
a mean age of 60 years (range 36 to 75). Group B included 
four men and two women with a mean age of 60 years 
(range 49 to 69). 
Coronary angioplasty protocol. Angioplasty was per-
formed using balloon dilation catheters ranging in diameter 
from 2.5 to 3.5 mm when inflated. Balloon sizes were 
chosen on the basis of estimates of the diameter of normal 
segments adjacent to the stenosis. For prevention of coro-
nary spasm, all patients received a continuous infusion of 
intravenous nitroglycerin at doses of 1 to 1.5 /-Lg/kg per min, 
beginning at least 10 minutes before the first balloon infla-
tion and continuing for at least 2 hours after completion of 
the angioplasty procedure. An initial inflation of short du-
ration (5 to 10 seconds) was performed to document proper 
positioning of the balloon catheter and to achieve sufficient 
dilation of the stenosis so as to prevent coronary luminal 
obstruction by the deflated balloon catheter. Each subse-
quent balloon inflation was maintained for 55 to 120 seconds 
at a pressure of 6 to 10 atm. A minimum of 2 minutes 
(2.4 ± 0.9 minutes [mean ± SD]) for reperfusion was 
allowed between each balloon inflation. Angioplasty was 
considered successful if there was a 40% or greater reduction 
in the degree of stenosis. The percent diameter narrowing 
of the coronary artery segments was assessed by a consensus 
of three observers. The mean pressure gradient across the 
coronary stenosis was measured before and after the angio-
plasty procedure. 
Echocardiography. Using two-dimensional echocardi-
ography (Hewlett-Packard phased-array sector scanner with 
a 2.5 MHz transducer), left ventricular wall motion was 
continuously imaged during balloon inflation and for 2 min-
utes after balloon deflation, and was recorded on Ij2 inch 
(1.27 cm) videotape. The apical long-axis echocardio-
graphic view was employed to obtain optimal imaging of 
myocardial segments at risk from left anterior descending 
artery occlusion, that is, the apical and septal segments (Fig. 
IA). Regional wall motion was analyzed by a single ex-
perienced operator after slow motion and stop-frame review 
of the videotape record, with identification of end-diastolic 
and end-systolic frames of single beats at intervals of 10 
seconds or less. End-diastole was defined as the frame with 
the largest left ventricular cavity area after the R wave of 
the electrocardiogram and before the initial inward motion 
of the nonischemic segments. End-systole was taken as the 
frame with the smallest cavity area. A sonic digitizer (Sci-
ence Accessories Corp.), connected to the video monitor 
and interfaced with a computer (General Electric Star), al-
lowed the user to outline the left ventricular endocardium 
in end-diastole and end-systole directly on the video mon-
itor. 
A centerline method (12,13), modified for quantitative 
analysis of two-dimensional echocardiographic imaging of 
regional left ventricular wall motion, was used. With this 
computerized method, wall motion is measured along 100 
equidistant chords perpendicular to a centerline constructed 
automatically midway between the end-diastolic and end-
systolic contours (Fig. 1B and C). To normalize for heart 
size, the motion at each chord is divided by the end-diastolic 
perimeter to yield a dimensionless chord-shortening frac-
tion. A chord-shortening plot is generated in which motion 
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Figure 1. Centerline method for regional wall motion analysis, 
A, Schematic drawing of two-dimensional echocardiographic view 
of the apical long-axis projection of the left ventricle (LV). The 
posterior wall of the aorta (Ao) is continuous with the anterior 
leaflet of the mitral valve. The mitral valve separates the left atrium 
(LA) from the left ventricle, B, End-diastolic (ED) and end-systolic 
(ES) endocardial contours of the left ventricle with a centerline 
midway between the two contours. C, 100 equidistant chords (not 
all shown) are constructed perpendicular to the centerline and 
numbered counterclockwise from the anterior aortic valve. D, Chord-
shortening plot with wall motion plotted in dimensionless chord-
shortening fraction values. 
along each chord is plotted for a given cardiac cycle (Fig. 
ID). Multiple cardiac cycles throughout the balloon inflation 
and deflation sequence were analyzed. The chord-shortening 
plots were examined to find the region of myocardial dys-
function, and the 10 contiguous chords with the greatest 
dysfunction from this region were selected and averaged. 
These same chords were then monitored for each patient 
throughout the study to define the temporal pattern of re-
gional wall motion with balloon occlusion of the left anterior 
descending artery and subsequent reperfusion. Regional 
dysfunction was expressed as a percent of the normal base-
line. 
A reduction in regional chord shortening of 25 to 50% 
from baseline was considered to represent moderate hypo-
kinesia and a reduction of 50 to 99% to represent severe 
hypokinesia. Akinesia was reflected by 100% reduction in 
chord shortening, and dyskinesia, or paradoxical systolic 
expansion, was indicated by greater than 100% reduction 
in regional chord shortening from baseline (chord shortening 
less than zero). 
To quantify the percent of global left ventricular systolic 
function that was impaired during balloon inflation, the wall 
motion measured along each of the 100 chords was ana-
lyzed, and the number of chords in which severe hypoki-
nesia, akinesia or dyskinesia developed during inflation was 
summed and expressed as a percent of the left ventricular 
endocardial contour. 
Three types of variability in regional wall motion mea-
surement with this technique were evaluated. To determine 
intraobserver variability, 15 end-diastolic frames and 15 
end-systolic frames taken from apical long-axis recordings 
from five patients with coronary artery disease were traced 
by the same operator, with at least 2 days' separation be-
tween tracings, Intraobserver variability in quantification of 
mean chord shortening of 10 chord groups in the septal and 
apical areas was 7 ± 4% and 10 ± 7% of mean motion, 
respectively. To determine interobserver variability, the same 
15 end-diastolic and 15 end-systolic frames were traced by 
different operators. Interobserver variability was 12 ± 6% 
in the septal region and 14 ± 7% in the apex. Beat to beat 
variability was determined in five patients with coronary 
artery disease continuously imaged by two-dimensional 
echocardiography for 3 minutes in a baseline state at rest. 
Quantification of regional wall motion was performed by 
the same operator (on the same day) on 10 beats, each 
separated by 10 seconds. Beat to beat variability in mean 
chord shortening of the 10 chord group in the septal area 
was 10 ± 5%, and in the 10 chord group at the apex it was 
12 ± 7%. To account for these variabilities, a change in 
wall motion was considered significant only if chord short-
ening decreased by 25% or more from baseline. 
Electrocardiography. During balloon inflation and for 
at least 2 minutes after balloon deflation, standard 12 lead 
electrocardiograms were recorded on a Hewlett-Packard au-
tomatic three channel electrocardiographic machine at 10 
second intervals, To avoid electrode interference with flu-
oroscopic imaging during the angioplasty procedure, ra-
diolucent precordial electrodes were used (CAS Medical 
Systems). The electrocardiograms were analyzed by a car-
diologist who did not know the clinical status of the patient. 
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ST segment elevation or depression was measured to the 
nearest 0.5 mm, with ST segment deviation referred to a 
horizontal baseline connecting consecutive TP segments. 
An ischemic electrocardiographic response was defined as 
1.0 mm or more of ST segment deviation, measured 80 ms 
after the J point. 
Statistical methods. Results are given as mean ± SD. 
Results were considered significant at a probability (p) value 
of less than O. 05. Statistical analysis for differences between 
pairs of groups was determined by two-tailed t tests. The 
difference among the time intervals with respect to chord 
shortening was evaluated by a one-factor analysis of vari-
ance for repeated measures (profile analysis). An overall 
test of significance was calculated, as well as subsequent 
tests for specific contrasts of interest. McNemar's test for 
symmetry was used to evaluate whether echocardiography 
and electrocardiography resulted in a positive detection of 
ischemia in the same proportion of patients. 
Results 
Coronary angioplasty. Angioplasty was successful in 
all 20 study patients. Coronary stenosis in the 14 group A 
patients (one inflation-deflation procedure) was reduced from 
90 ± 8 to 10 ± 12% (p < 0.001), with a corresponding 
decline in mean trans stenotic pressure gradient from 57 ± 
12 to 9 ± 8 mm Hg (p < 0.001). In the six group B patients 
(multiple inflations), coronary stenosis was reduced from 
92 ± 4 to 8 ± 11 % (p < 0.001), with an associated decline 
in pressure gradient from 59 ± 13 to 8 ± 7 mm Hg (p < 
0.001). All procedures were free of complications, with no 
electrocardiographic or enzymatic evidence of myocardial 
injury. 
Echocardiography. Group A. Continuous two-dimen-
sional echocardiographic recordings were obtained during 
the first complete balloon inflation-deflation sequence in 
each of the 14 patients in group A. The mean duration of 
inflation was 62 ± 6 seconds (range 55 to 75). The data 
derived from the computerized quantitative wall motion 
analysis in group A are listed in Table 1. 
The onset of regional left ventricular dysfunction (>25% 
reduction in regional chord shortening from baseline) during 
balloon inflation was evident within 20 seconds in all 14 
patients in group A. The onset of dysfunction was 12 ± 5 
seconds (range 4 to 20) after inflation was initiated. Pro-
found dysfunction was noted in all patients, with a mean 
reduction in chord shortening at the time of maximal dys-
function of 101 ± 22% (range 82 to 157) from baseline 
preinflation levels. 
Endocardial contours and chord-shortening plots for each 
patient clearly demonstrated the pattern of regional wall 
motion abnormalities and their time sequence during balloon 
inflation (Fig. 2). After 20 seconds of balloon inflation, 4 
(29%) of 14 patients in group A had moderate hypokinesia 
of the ischemic segment, 8 (57%) of 14 had severe hypo-
kinesia and 2 patients (14%) had dyskinesia of the ischemic 
region. 
There was a characteristic pattern of stepwise deterio-
ration in regional left ventricular wall motion with continued 
balloon inflation. All patients, except the two who had 
abrupt development of dyskinesia within 20 seconds of in-
flation, had further decline of function in the ischemic seg-
ment. At 40 seconds of inflation, 71 % of patients had severe 
Table 1. Echocardiographic Findings During Coronary Angioplasty (group A) 
Balloon Intlation Balloon Detlation 
Duration of Onset of Magnitude of Peak Onset of Time to Complete 
IntlatlOn DysfunctIOn DysfunctIOn Recovery Recovery 
Case (s) (s) (% change) (s) (s) 
I 75 12 157 IS 35 
2 60 9 100 IS 28 
3 55 II 86 13 60 
4 60 20 98 22 43 
5 75 18 100 18 28 
6 60 14 104 8 30 
7 60 15 94 18 28 
8 60 12 143 8 52 
9 60 8 82 18 36 
10 70 8 91 6 54 
II 60 14 86 14 22 
12 60 7 97 19 30 
13 60 4 85 15 32 
14 60 12 87 18 70 
Mean 62 12 101 15 39 
:±: SD 6 5 22 5 14 
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Figure 2. Patient 6. Pattern of regional wall motion abnormality 
with regional ischemia induced by balloon inflation in the left 
anterior descending artery. A, Endocardial contours from echo-
cardiographic recording before inflation. Regional wall motion is 
normal. B, Endocardial contours from echocardiographic record-
ing 45 seconds after balloon inflation was initiated. There is par-
adoxical systolic expansion (dyskinesia) in the region spanning 
chords 25 to 70 (that is, 45% of the left ventricular endocardial 
contour). C, Chord-shortening plot before inflation. D. Chord-
shortening plot at 45 seconds, with dyskinetic segment indicated 
by chords whose motion is below zero. Abbreviations as in 
Figure I. 
hypokinesia, and 29% had akinesia or dyskinesia of the 
ischemic segment. After 60 seconds of balloon occlusion 
of the. coronary artery, 29% had severe hypokinesia of the 
ischemic region, and 71 % had akinesia or dyskinesia. 
In each of the patients a clearly defined area of dys-
function was noted during the period of coronary occlusion 
produced by balloon inflation. This area included the apical 
and septal regions and often extended into the inferoapical 
region (Fig. 2B). After 60 seconds of inflation, 30 ± 10% 
of the 100 chords comprising the left ventricular endocardial 
contour were severely hypokinetic, akinetic or dyskinetic. 
With balloon deflation and subsequent reperfusion of 
myocardium previously rendered ischemic, there was prompt 
recovery of regional left ventricular function. Onset of re-
covery, defined as a greater than 25% increase in chord 
shortening from levels measured at time of maximal dys-
function, was 15 ± 5 seconds (range 6 to 22) after the 
balloon was deflated. Normalization of wall motion (return 
of chord shortening to preinflation levels) was complete by 
70 seconds in all patients, with a mean time to full recovery 
of 43 ± 17 seconds. The pattern of recovery of function 
with balloon deflation mirrored the pattern of the regional 
dysfunction produced by balloon inflation. There was, in 
each patient, gradual improvement in regional function after 
balloon deflation, with a typical progression from dyskinesia 
to hypokinesia to full recovery of baseline normal function. 
Monitoring of left ventricular systolic function for 2 minutes 
after balloon deflation revealed that only 3 (21 %) of the 14 
patients had overshoot of regional function (2':25% increase 
in chord shortening) above baseline levels. The temporal 
pattern and quantitative aspects of regional wall motion 
abnormalities induced by balloon inflation and the recovery 
of function with reperfusion are shown in Figure 3. 
Figure 3. Time course of regional left ventricular dysfunction 
during balloon inflation (left), and recovery of function after bal-
loon deflation (right) in the 14 group A patients. Regional wall 
motion is expressed as percent of preinflation normal function. 
Left, After 20 seconds of inflation, regional wall motion has fallen 
to 22 ± 41% of baseline preinflation values (p < 0.01). There is 
further deterioration of function with continued inflation, with a 
decrease to 3 ± 17% of baseline function at 60 seconds (p < 
0.05, comparing 20 seconds with 60 seconds). Right. Onset of 
recovery of function is evident at 20 seconds after balloon deflation 
with 38 ± 40% of baseline function (p < 0.05, comparing 20 
seconds after deflation with 60 seconds during inflation). Recovery 
is complete at 60 seconds, with no evidence of overshoot (p 
NS. comparing baseline with 60 seconds after deflation). 
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Group B. Echocardiographic studies were performed on 
the first and last inflation-deflation sequences in each of the 
six patients in group B. The mean total number of inflations 
per patient was 7 ± 3 (range 5 to 9). The mean inflation 
durations for the first and last sequences were 64 ± 7 
seconds (range 60 to 75) and 77 ± 27 seconds (range 45 
to 120), respectively (p = NS). Data from recordings ob-
tained with first inflations were compared with data from 
the echocardiographic studies performed during the final 
inflation to determine whether there was a cumulative isch-
emic effect on left ventricular function with multiple re-
peated inflations (Table 2). There were no significant dif-
ferences in time to onset of dysfunction (19 ± 10 seconds 
with first inflation versus 17 ± 4 seconds with final infla-
tion), magnitude of dysfunction (106 ± 30 versus 113 ± 
46%), time to onset of recovery of function (13 ± 8 versus 
15 ± 8 seconds) or time to complete recovery of function 
(37 ± 21 versus 36 ± 18 seconds). 
Electrocardiography. Electrocardiographic 12 lead re-
cordings were obtained at 10 second intervals during balloon 
inflation in group A patients. In contrast to the echocardio-
graphic data, at 20 seconds of inflation electrocardiographic 
evidence of ischemia was present in only 9 (64%) of 14 
patients (p < 0.01). By 40 seconds, 79% had ST deviation 
and after 60 seconds of balloon inflation, 86% (12 of 14 
patients) had electrocardiographic evidence of ischemia. In 
those patients with evident electrocardiographic changes, 
the changes first developed at a mean of 20 ± 11 seconds 
(range 10 to 40) after balloon inflation. The magnitude of 
peak change in ST segments was 3.8 ± 2.7 mm (range 1.5 
to 10). In each of the 12 patients with ST change on the 12 
lead electrocardiogram, there was ST segment elevation in 
the precordial leads . Four of these patients had' 'reciprocal" 
ST segment depression in the inferior leads. Two patients 
had no perceptible electrocardiographic signs of ischemia 
despite echocardiographic visualization of marked regional 
left ventricular dysfunction (Fig. 4). 
Results using 12 lead electrocardiography were compared 
with those of a regional 3 lead system using leads I, a VL 
and Vs (Table 3). Similar regional lead systems are often 
used clinically for monitoring purposes during angioplasty 
procedures (9). At every time interval assessed, significantly 
more patients with ischemia were detected with a 12 lead 
than with a regional 3 lead system. 
Discussion 
Regional left ventricular dysfunction during coronary 
angioplasty. The results of this study demonstrate that 
coronary artery occlusion, produced by balloon inflation 
during coronary angioplasty in conscious human subjects, 
leads to a series of dynamic changes in regional myocardial 
performance. Within 20 seconds of the onset of balloon 
inflation there is evidence of ischemic regional left ventric-
ular dysfunction. A progressive reduction in the extent of 
shortening occurs until, in most cases, there is complete 
loss of systolic shortening or frank dyskinesia of the isch-
emic segment by 60 seconds after balloon inflation. In the 
specific situation of angioplasty of a proximal left anterior 
descending coronary artery stenosis, the region of the left 
ventricle rendered ischemic during balloon inflation com-
prises 30% of the left ventricular endocardial contour. 
Table 2. Echocardiographic Findings During Coronary Angioplasty (group B) 
Balloon Inflation Balloon Deflation 
Duration of Onset of Magnitude of Peak Onset of Time to Complete 
Balloon InflatIOn Dysfunction Dysfunction Recovery Recovery 
Ca,e Inflation (s) (s) (% change) (s) (s) 
IS First 60 15 92 24 55 
Last 45 16 200 15 25 
16 First 60 32 88 5 20 
Last 90 18 85 10 18 
17 First 70 15 116 3 19 
Last 60 14 112 6 34 
18 First 60 10 100 I3 27 
Last 60 17 104 10 26 
19 First 60 30 79 20 70 
Last 90 24 68 28 46 
20 First 75 II 163 12 33 
Last 120 I3 110 20 68 
Mean* First 64± 7 19 ± 10 106 ± 30 13 ± 8 37 ± 21 
Last 78 ± 28 I7± 4 113 ± 46 IS ± 8 36 ± 18 
*There were no sigmficant differences between the mean values for first and last balloon inflation for any of the variables. 
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Figure 4. Patient 4. Comparison of electrocardiographic and 
echocardiographic detection of ischemia during coronary angio-
plasty. A, 12 lead electrocardiogram before balloon inflation. B, 
12 lead electrocardiogram after 45 seconds of inflation. No isch-
emic ST changes are apparent when the two tracing, are compared. 
C, Endocardial contours at preinflation period demonstrating nor-
mal wall motion. D, Endocardial contours after 45 seconds of 
mflation. There is regional wall motion abnormality in the apical-
septal region. 
Nevertheless, with balloon deflation and consequent reper-
fusion, there is prompt recovery of regional function with 
restoration of segment Shortening to pre inflation levels by 
70 seconds after deflation. These findings are consistent with 
experiments in anesthetized, open chest dogs (1,2,5,6,14) 
and in conscious dogs (3,4,15) which documented the ef-
Table 3. Electrocardiographic Findings During 
Coronary Angioplasty 
Time After Percent with ST Change, 
InflatIOn Initiated 
(s) 12 Lead 3 Lead 
20 64 36 
40 79 50 
60 86 57 
p Value* 
<0,05 
<0,05 
<005 
*Slgmficance between 12 lead and 3 lead electrocardiograms 
fects of myocardial ischemia on regional myocardial func-
tion. 
Comparison with previous studies. Coronary angio-
plasty provides a unique opportunity to evaluate ischemia-
induced wall motion changes in the course of one or more 
controlled, transient coronary artery occlusion and reper-
fusion sequences. Hauser et aL (9) used two-dimensional 
echocardiography to qualitatively evaluate changes in re-
gional myocardial function in patients undergoing coronary 
angioplasty. They found that the mechanical myocardial 
consequences of coronary occlusion during angioplasty were 
similar to those described in experimental animals, in which 
hypokinesia developed rapidly (mean onset 19 ± 8 seconds) 
in the region perfused by the balloon-occluded coronary 
artery and progressed, in most cases, to dyskinesia. In their 
study, normalization of wall motion began 20 ± 8 seconds 
after reperfusion and was complete in all cases. Serruys et 
aL (16) also investigated the response of left ventricular 
function to transient ischemia induced by coronary angio-
plasty. Regional left ventricular performance was assessed 
by repeated contrast ventriculograms performed at various 
times during sequential balloon inflations. Regional wall 
motion analysis demonstrated systolic dysfunction of isch-
emic segments after 20 seconds of balloon occlusion; after 
50 seconds of occlusion the majority of these ischemic seg-
ments were akinetic. All the ischemic changes were transient 
and fully reversible, as demonstrated by the regional anal-
ysis of the last ventriculogram obtained after completion of 
the procedure. 
Our study differs in several respects from those previ-
ollsly reported. Our patient popUlation was homogeneous 
from the standpoint of coronary anatomy and left ventricular 
function. All our subjects had an isolated obstructive lesion 
of the proximal left anterior descending coronary artery, 
with normal left ventricular function at rest and no visible 
collateral vessels. In the study by Hauser et a1. (9), the left 
anterior descending artery was involved in 16 patients, the 
right coronary artery in 5 and the left circumflex artery in 
1 patient. One patient was noted to have collateral vessels, 
and three patients had preexisting regional wall motion ab-
normalities. The patients who underwent angiographic in-
vestigation by Serruys et aL (16) also had heterogeneous 
coronary anatomic features. We selected patients with ste-
nosis of only one coronary artery so that left ventricular 
function would not be influenced by potentially ischemic 
myocardium in the distribution of coronary arteries that were 
not dilated. Only patients with stenosis of the left anterior 
descending artery were evaluated in our study, so as to avoid 
potential problems in detecting regional wall motion ab-
normalities involving inferior or posterobasal segments. Two-
dimensional echocardiography has been demonstrated to be 
reliable for detecting anterior and apical wall motion ab-
normalities but is relatively less sensitive than contrast an-
giography for detecting wall motion abnormalities involving 
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the inferior and posterior left ventricular segments (17). In 
our study, regional wall motion was examined by comput-
erized quantitative analysis of continuous two-dimensional 
echocardiographic recordings using a centerline technique. 
This method of analysis enabled us to provide quantitative 
information regarding the extent, magnitude and temporal 
pattern of regional left ventricular dysfunction during coro-
nary angioplasty. Quantitative approaches are critical for 
further pathophysiologic study of coronary occlusion in this 
human model. 
Methods of quantifying regional wall motion abnor-
malities. The centerline method designed for contrast left 
ventriculographic studies (12,13) was modified for echo-
cardiographic assessment. This method is well suited for 
regional wall motion analysis; it uses no coordinate system 
and does not assume that normally contracting ventricular 
segments move inward to a central long axis or central point 
(centroid). In the abnormally contracting ventricle, partic-
ularly when there are segments that expand rather than con-
tract during systole, the endocardial centroid of the ventricle 
is displaced toward the dyskinetic segment, which tends to 
create difficulties for analyzing both the normal and abnor-
mal areas. Our variability is acceptably low and compares' 
favorably with that of Pandian et al. (18), who used a cen-
troid method of quantitative analysis of two-dimensional 
echocardiograms. They found a surprisingly large degree 
of heterogeneity in change in segment area in normal sub-
jects and reported substantial difficulty in reproducing the 
initial results when the same study was reanalyzed by the 
same examiner, with an average difference of 20% in seg-
ment area change. 
Some recent studies (19,20) have suggested that deter-
mination of the extent of left ventricular wall thickening 
may provide a more accurate means of evaluating myo-
cardial ischemia and infarction than that afforded by deter-
mination of regional wall motion. Assessment of wall thick-
ening is limited by major difficulties in defining the epicardium 
around the full circumference of the ventricle. We did not 
assess wall thickening in our study because of concerns 
regarding echocardiographic definition of epicardial bor-
ders. 
Lack of overshoot of regional function with reper-
fusion. Experimental studies (4-6) have shown that with 
brief coronary artery occlusions a transient overshoot of 
regional function above preocclusion levels can occur with 
reperfusion. With release of a 100 second occlusion, this 
transient overshoot was characterized by increases in re-
gional stroke work as well as the extent and velocity of 
shortening. The overshoot was not dependent on adrenergic 
mechanisms and appeared to be related to reactive hyper-
emia (4). Distante et al. (21) evaluated regional left ven-
tricular functional changes by two-dimensional echocardi-
ography in patients with vasospastic angina. In 45% of 
episodes, a transient overshoot in contractility of the pre-
viously ischemic wall was seen after resolution of the vaso-
spasm. In our study of human subjects undergoing balloon 
occlusion of the coronary artery, there was prompt recovery 
of regional function with balloon deflation and subsequent 
reperfusion of the myocardium, with return of chord short-
ening to preocclusion levels by 70 seconds in all patients; 
however, there was evidence of overshoot of regional func-
tion above preocclusion levels in only 21 % of patients. We 
did not specifically assess coronary blood flow responses to 
balloon inflation, and it is conceivable that the reactive 
hyperemic response was blunted because of restriction to 
reperfusion associated with the presence of the deflated bal-
loon catheter. However, Serruys et al. (16) evaluated coro-
nary hemodynamic responses to balloon inflation and doc-
umented a mean hyperemic increase in great cardiac vein 
flow of 55% after the first dilation and 91 % after the third 
dilation. Rothman et al. (22) reported a mean hyperemic 
increase in great cardiac vein flow of 30% above control 
flow after the first inflation, and 59% after the final inflation. 
Thus, restriction of a hyperemic response does not appear 
to be a reasonable mechanism for explaining this observa-
tion. 
Lack of cumulative effect of repeated episodes of isch-
emia. It remains controversial whether the myocardium can 
become "stunned" as a consequence of repeated episodes 
of myocardial ischemia. Geft et al. (8) have shown that 
intermittent 5 minute episodes of ischemia may have a cu-
mulative effect and cause myocardial necrosis. Although 
episodes of ischemia in patients during coronary angioplasty 
are virtually always less than 2 minutes in duration, it is 
conceivable that multiple ischemic insults could lead to sus-
tained myocardial dysfunction. Evaluation of time to onset 
of recovery and time to normalization of function in our 
group of six patients (group B) subjected to mUltiple balloon 
inflations suggests that there is no cumulative ischemic ef-
fect, even after five or more inflations, each with a mean 
duration of 78 seconds. The lack of cumulative effect may 
in part be a function of an adaptation to the ischemic insult, 
similar to the adaptation to the ischemic stress of tachycardia 
in patients with coronary artery disease. Williams et al. (23) 
demonstrated that patients with exertional angina pectoris 
subjected to identical episodes of sequential tachycardia stress 
can have less severe manifestations of ischemia during the 
second stress. Although regional metabolic and oxygen con-
sumption variables were not evaluated in our study, it is 
possible that there are regional myocardial metabolic ad-
aptations to repetitive ischemic insults that prevent a cu-
mulative effect of repeated episodes of myocardial ischemia. 
The rapid recruitment of coronary collateral channels not 
angiographically seen before balloon occlusion of a vessel 
has been demonstrated (24). An increase in oxygen supply 
as a result of newly developed collateral flow may prevent 
the additive effect of several coronary occlusions during 
angioplasty. Alternatively, the lack of cumulative effect 
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may simply be a function of our not havmg exceeded the 
threshold duration of ischemia necessary to' 'stun" the myo-
cardium, 
Relation between mechanical changes induced by 
ischemia and electrocardiographic markers of isch-
emia. Hauser et al. (9), in evaluating the electrocardio-
graphic response to balloon inflation in 18 patients undergo-
ing angioplasty of 22 coronary lesions, demonstrated that 
ST segment deviation occurred in eight procedures and that 
these changes invariably occurred only after the onset of 
wall motion abnormalities, They concluded that left ven-
tricular wall motion abnormalities in the absence of electro-
cardiographic or clinical evidence of ischemia are com-
monly seen during coronary angioplasty, In their study. 
electrocardiographic analysis was limited to the six limb 
leads routinely monitored in all patients. with additional 
monitoring of the V 5 chest lead in those patients undergoing 
angioplasty of the left anterior descending coronary artery, 
With specific attention to those patients who underwent 
angioplasty of a left anterior descending artery stenosis. only 
7 of 16 had electrocardiographic evidence of ischemia, 
We used 12 lead electrocardiographic recordings for 
monitoring purposes, Although the onset of electrocardio-
graphic changes often lagged behind the onset of left ven-
tricular wall motion abnormalities. ischemia was detectable 
in 12 (86%) of 14 patients who were monitored by 12 lead 
electrocardiography. When electrocardiographic monitoring 
was limited to leads I, aVL and Vs. only 8 (57%) of the 
14 patients had detectable ischemia. Our data suggest that 
the sensitivity of electrocardiography for detecting ischemia 
is. in large part, a function of the extent of the lead systems 
used. This is similar to the findings of Chaitman et al. (25). 
who concluded that the use of multiple leads improves the 
sensitivity and efficiency of maximal treadmill exercise tests. 
They noted that use of the Vs lead alone detected only 56% 
of patients with coronary disease. which is significantly less 
than the 76% observed with 11 lead electrocardiography and 
the 88% sensitivity when a 14 lead system was used. 
Clinical implications. Our findings of profound re-
gional left ventricular dysfunction occurring within 60 sec-
onds of balloon inflation during coronary angioplasty have 
implications for the clinical application of this procedure in 
patients with preexisting left ventricular dysfunction. Al-
though patients with normal baseline ventricular function 
can usually tolerate the profound but reversible regional 
dysfunction induced by balloon inflation. patients with in-
adequate myocardial reserve may not tolerate the additional 
ischemic insult. The complete reversibility of the regional 
dysfunction, as well as the lack of cumulative effect of 
repeated inflations, are reassuring; however, it may be haz-
ardous to apply these findings to patients with underlying 
major ventricular dysfunction in whom the reversibility of 
dysfunction and lack of cumulative ischemic effect may not 
be assured. 
Our results demonstrate the utility of two-dimensional 
echocardiography as a clinical tool for monitoring ischemic 
myocardial dysfunction during coronary angioplasty. Al-
though the electrocardiographic evidence of ischemia may 
lag behind the mechanical changes detectable by echocardi-
ography, the high sensitivity of 12 lead electrocardiography 
for detecting ischemia supports its use as a method of mon-
itoring during angioplasty procedures. 
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